The interactions of phospholipid monolayers (dipalmitoyl phosphatidyl choline; DPPC and dimyristoyl phosphatidyl choline; DMPC) with volatile anesthetic isoflurane were investigated using quartz crystal microbalance (QCM) and quartz crystal impedance (QCI) methods. The quartz crystal oscillator was attached horizontally on the surface of DPPC and DMPC monolayer formed on the water surface. Physisorption of isoflurane hydrate at the DPPC monolayer surface was monitored in terms of frequency and resistance change of quartz crystal on addition of anesthetics isoflurane. Both frequency and resistance change showed the elastic nature of DPPC monolayer. Measurement of DMPC monolayer-isoflurane hydrate revealed the expandable nature of DMPC monolayer. Variation of frequency and impedance of DPPC and DMPC monolayer on addition of isoflurane which proved a two-step change has occurred at monolayer surface at isoflurane concentration of <8 mM that has been attributed to isoflurane aggregation at monolayer/water interface. Isoflurane hydrates formed in the process have capability to affect the interfacial properties of monolayer such as existence of structured water.
Introduction
Biomembranes have fluidic structures where proteins are buried in lipid bilayers. Lipids are composed of various kinds of phospholipids; a few of them are glycerol-and sphingophospholipids. Each protein and lipid has different functions for that they are called functional proteins and lipids. Investigation of function and structure reveals that intermolecular interactions such as: hydrogen bonding, hydrophobic, van der Waals interactions have an important role in performance of these biomolecules. Researchers [1] - [4] had been actively investigating membrane rigidity, flexibility, dynamics, aggregation and dispersion. The action of anesthesia also is related to the above physical properties of membranes. Effectiveness and action of anesthetic agent on living organism are related to the above properties of membranes. Anesthesia agent molecules interact with lipid biomembrane [5] - [9] of the organism to inhibit sensory perception of whole of the body or part of the body of living organism. Volatile anesthesia molecule work exhibits anesthetic effect at high concentration in the order of mM in body fluid that is different from general medicine which is much more effective at lower concentration as low as nM. Investigations [10] [12] show anesthetic strength or anesthetic potency is temperature dependent. Various studies [8] [9] [13]- [15] conducted based on experimental and clinical facts reach to the conclusion that anesthesia phenomena is physisorption where anesthetic aggregation acts indirectly on biomembrane-body fluid interface. Among various physicochemical techniques, quartz crystal oscillator (QCO) method is a powerful tool to investigate the interactional phenomena in liquid phases. QCO method is mainly divided into quartz crystal microbalance (QCM) and quartz crystal impedance (QCI) equipment. QCM can detect a mass change in the range nanogram order [16] [17] and is used in the analysis of adsorption phenomena such as oxidation and reduction processes occurring on a self-assembled monolayer [18] , metal ion binding to the Langmuir monolayer [19] , and molecular recognition of DNA strands and lipids [20] - [22] . QCI can also detect the viscosity or elasticity of adsorbed layers on the QCO independent of mass adsorption that has been applied to investigate the properties of adsorption or immobilization on liquid surfaces and also has been applied in hybridization of DNA [23] , phase transition of adsorbed Langmuir-Blodgett (LB) film [24] , and precipitation denaturation of proteins [25] [26] .
In this study, we have investigated physisorption interactions between phospholipid monolayers (dipalmitoyl phosphatidyl choline, DPPC; dimyristoyl phosphatidyl choline, DMPC) as the model membrane and anesthetic isoflurane using our home designed and assembled high sensitive QCO apparatus [15] [27]- [29] , where the QCO was attached horizontally on those monolayers formed on the water surface. DPPC and DMPC are one of main components on the membrane and have the following characteristics on the point of "molecule"; these have a common hydrophilic phosphatidyl choline group, while the length of two alkyl chains is different (DPPC is longer than DMPC). On the measured temperature in this study (26˚C), DPPC forms gel state and DMPC liquid-crystal state [29] . We have discussed the behavior of interfacial layer (monolayer and interfacial structured water) with the action of anesthetic, and the relation to the anesthesia phenomenon from the viewpoint of change in interfacial properties [8] 
Experimental

Materials
DPPC (>99%) and DMPC (>99%) which were used as the model membrane lipids were purchased from Avanti polar lipids (AVT) Inc. and used without further purification. Volatile anesthetic isoflurane which has chemical formula, 1-Chloro-2,2,2-trifluoroethyl difluoromethyl ether, was purchased from Abbott Japan Corp. Ltd. The concentrations of isoflurane in aqueous solution were in the range of 1 -8 mM. Spreading solvent for DPPC and DMPC monolayers was chloroform (99.0%, Wako Pure Chemical Industries Ltd.). Purified water (conductance < 0.07 μS/cm) for subphase was obtained using a Super Water Purifying System (WL-21P; Yamato Scientific Corp. Ltd.), and further boiled for 10 min and subsequently cooled to room temperature before use.
Methods and Apparatus
On the formation of each DPPC and DMPC monolayer, we adopted the dropping method at which solution droplets containing monolayer sample are dropped continuously on the water surface [30] . About 1 mM solution of each DPPC and DMPC in chloroform was spread on the water surface using a 100 μl microsyringe (Ge-0583 -04; Hamilton Co., Nevada, USA). The spreading was conducted at 0.5 μl/30s intervals. The process of monolayer formation was checked by the surface pressure versus area isotherm curves using the Wilhelmy method (Surface Tensiometer, CBVP-A3; Kyowa Interface Science Co., Ltd., Saitama, Japan) and Langmuir type selfassembled monolayers were formed spontaneously on the water surface [15] [27] [28] [30] .
Details of the experimental apparatus used for QCM and QCI measurements have been reported previously [15] [27] [28] . A brief description is given as following. QCO with a frequency of 6 MHz was purchased from Hokuto Denko Corp. (Tokyo, Japan) and the area of the Au electrode was 133 mm 2 . The QCO which was fixed with an O-ring in a poly(tetrafluoroethylene) holder was moved carefully (10 mm/s) using a micrometer and attached horizontally to the monolayer formed on the water surface. Each DPPC and DMPC monolayer was physically attached to the electrode surface of the QCO by the hydrophobic interaction between hydrophobic Au electrode surface and hydrophobic group (alkyl chain) of the monolayer [31] - [33] . Anesthetic isoflurane was added from the bottom of measurement trough through the tube fixed to the trough. Using a magnetic stirrer, the stirring bar was stirred slowly (1 r/s) and isoflurane was dissolved into the water subphase. Thus, stirring did not affect the monolayer stability because of slow stirring. The temperature during the measurement was maintained at 26.00˚C ± 0.01˚C using a double water bath.
For the QCM measurement, the frequency F of the QCO was measured by a Universal Counter (TR5822; Advantest Corp., Tokyo, Japan) and conducted at 1 min intervals. After the stabilization of F contacting the monolayer to within ±0.5 Hz, isoflurane was injected slowly at the rate 1 ml/s using a 100 μl microsyringe. The change in F was observed before and after the addition of isoflurane. For the QCI measurement, the resistance R in the QCO circuit was measured by an impedance-gain phase analyzer (SI1260; Solartron Analytical, Hampshire, UK) and conducted at 10 min intervals. R corresponds to the viscosity change at the QCO interface, and from the viewpoint of membrane fluidity we specially addressed the analysis of R [34] [35] . After the stabilization of R of QCO contacting the monolayer to within ±0.02 Ω, isoflurane was injected slowly; this process was identical to that used for the QCM measurement. The change in R of QCO was observed before and after the addition of isoflurane. Each QCM and QCI measurement was conducted more than two times to maintain the reproducibility of the data. The experimental errors were noticed within ±0.5 Hz for QCM and ±0.05 Ω for QCI. Figure 1 shows a typical time course of frequency (QCM) and resistance (QCI) for QCO in contact with a DPPC monolayer after adding isoflurane of 5 mM concentration (bulk phase) at 26˚C. Figure 1 also shows the pattern of QCM and QCI changes observed by the addition of isoflurane. Lower half of figure represents change in frequency ΔF (Hz) and upper half is resistance change ΔR (Ω) after addition of anesthetic isoflurane. After stable base line was reached for both the experiment, isoflurane was added in the water subphase at the time shown by horizontal marker A. After the addition of isoflurane, ΔF decreased gradually due to increase in adsorption while ΔR showed an increase due to increase in viscosity responding to isoflurane addition. Both ΔF and ΔR approached an equilibrium state after three and half hour of isoflurane addition. Isoflurane being hydrophobic in nature possesses little solubility in water and it is stirred slowly in the water subphase at the rate 1 r/second, therefore, the delayed response (ca. 1 h) after the addition probably corresponds to the necessary time for the dissolution of isoflurane into the water subphase and the diffusion of isoflurane from bulk solution (water subphase) toward the DPPC monolayer/water interface. Authors [15] [27] [28] [36] also reported such kind of delay in equilibrium with similar systems. Since the viscosity change in the DPPC monolayer occurs by the adsorption of isoflurane, the starting time of change in ΔR is a little later than that in ΔF. On both ΔF and ΔR, few hours are needed to approach the equilibrium state. In general adsorption phenomenon as measured by QCO for monolayer, the addition reaction to the specific part of monolayer (chemisorption) is often occurred faster and the reaction time finishes in minutes contrary to physisorption that took hours to reach equilibrium [20] - [22] [31] [32] . A specific part in which isoflurane is likely to combine is not found in DPPC molecule, therefore, the present research is observing the physisorption phenomenon of the interaction between the DPPC monolayer and isoflurane. The long time until reaching an equilibrium state also indicates that it is physisorption phenomenon.
Results
Time Course of Frequency (QCM) and Resistance (QCI)
In the case that the change in each ΔF and ΔR is observed, we decided to define the difference of the value before and after the addition of isoflurane as respective Δf for QCM and Δr for QCI (inserted in Figure 1 ). In the following section, we have described and discuss the concentration dependence of isoflurane action to each DPPC and DMPC monolayer using Δf and Δr. From Figure 2 (a) it is clear that there was no change in Δf at concentration <2 mM. At concentration >2 mM, Δf gradually increased with increase in isoflurane concentration and approached asymptotically to a saturation value of 1.6 Hz at around 6 mM of isoflurane concentration. After 6 mM addition, a second stage sharp increase in Δf was observed reaching a second saturation value of 3.1 Hz. This pattern of a two-step increase is similar to Langmuir or BET (Brunauer, Emmett and Teller) adsorption isotherm. On QCI measurement (Figure 2(b) ) there was no increase in Δr until 4 mM concentration of isoflurane. At concentration >4 mM, Δr showed increase in value and reached asymptotically to 0.14 Ω at around 6 mM. At concentration >6 mM there is a slight increase in Δr value and then change in resistance remaining constant. The pattern of adsorption isotherm DPPC monolayer-isoflurane is similar to that of DPPC-enflurane isotherm [15] and DHP-halothane interaction [28] . These observations suggest that DPPC monolayer-isoflurane interactions are specific compared to the general adsorption process as studied by other authors [20] - [22] [31] [32] . Figure 3 shows the isoflurane concentration dependent behavior of frequency Δf (QCM) in Figure 3 (a) and resistance Δr (QCI) in showed a second stage increase. At isoflurane 8 mM second saturation value of Δf reached to 3.8 Hz. These processes are similar to the Langmuir's or BET's adsorption isotherm and have similarity to isoflurane-DPPC monolayer isotherm as described above in this work. While on the QCI (Figure 2(b) ), there was no change in Δr at the measured concentration range 1 to 10 mM of isoflurane introduction to DMPC monolayer. This result is different from that of DPPC monolayer where Δr changed by the addition of isoflurane hydrate to the DPPC monolayer-water interface (Figure 2(b) ). This suggests that physisorption is different in terms of membrane resistance of isoflurane with DPPC and DMPC monolayers.
Concentration Dependence of Δf (QCM) and
DMPC versus Isoflurane
Discussion
π-A Isotherm Curves of DPPC and DMPC Monolayers
Figure 4(a) shows the surface pressure versus molecular area (π-A) isotherm curve of DPPC monolayer at 26˚C as measured by dropping method (solid marks (▲)). Horizontal axis represents molecular area calculated from molecular numbers in dropping volume and vertical axis is surface pressure recorded when equilibrium is reached to a constant pressure after some time of dropping DPPC/chloroform droplet. In DPPC monolayer, two alkyl chains are all-trans type and also in rotational degree of freedom in each chain axis [29] . The cross sections area of chains is smaller than that of hydrophilic group. Larger A 0 indicates that the hydrophilic group of DPPC molecules and water molecules would structure better and maintain themselves in the most comfortable hydrogen-bonding network via hydrophilic interaction at the DPPC monolayer-water interface thus there exists interfacial structured water [40] . DPPC monolayer formed in our experiment by the dropping method is semi-expanded state and has a flexible and elasticity, and fluidic structure. Hydrophilic interaction would control the formation of DPPC monolayer stronger than hydrophobic interaction between cylinder like alkyl chains. In addition, the present π-A isotherm was similar to those reported previously [15] [27] [30] [41] . Figure 4(b) shows the surface pressure versus molecular area (π-A) isotherm curve of DMPC monolayer at 26˚C using the dropping method (solid marks (■)). A horizontal axis represents molecular area and a vertical axis surface pressure. Figure 4 (b) also shows a typical π-A isotherm curve using the compression method (solid line (-)) [42] .
Many isotherm studies for DMPC monolayer by the compression method have shown that DMPC monolayer forms only one LE state. Surface pressure increases gradually from about 1.1 nm 2 of molecular area and pressure increased monotonously up to 36 mN/m. The limiting molecular area A 0 is 0.78 nm 2 /molecule [39] . The isotherm curve constructed by the dropping method in our experiment also presented a typical LE state. Surface pressure increases gradually at 1.4 nm 2 molecular area and kept monotonously increased up to 41 mN/m. A 0 was 0.80 ± 0.05 nm 2 /molecule and the measured value was quite similar to that recorded by other authors by compression method.
In the case of DMPC, two alkyl chains are disordered partially at 26˚C and the structure has gauche type conformation [40] . Cross section area of chain is larger than that of hydrophilic group. Actually, A 0 of DMPC mo-nolayer is certainly larger than that of DPPC monolayer; nevertheless both DMPC and DPPC have the same hydrophilic group phosphatidyl choline functionality. The DMPC monolayer by the dropping method is expanding state and maintains its expandability [43] . Hydrophobic interaction between partially disordered alkyl chains would control the formation of DMPC monolayer stronger than hydrophilic interaction between hydrophilic group of DMPC molecules and water molecules. This implies that the DMPC monolayer is not dependent on the monolayer formation method, different from the DPPC monolayer. Because of large surface area of alkyl chain of DMPC compared to DPPC, hydrogen bonding between polar part of DMPC and water i.e. interfacial structured water is not stable as in DPPC.
Isoflurane
Isoflurane has chemical formula CF 2 H-O-CClH-CF 3 and a typical inhalation anesthetic. It was synthesized by Terrell group in 1965. Clinical use was permitted at the USA in 1980. Since then anesthesia application has been spread widely [5] - [7] . Isoflurane is a halogenated ether structure anesthetic and it is based on the structure and properties of early period used anesthetics such as diethyl ether and chloroform. Isoflurane is a semi hydrophobic molecule containing oxygen, fluorine, and chlorine atoms, and possesses the solubility 10 mM at 26˚C [44] [45] . Isoflurane when dissolved in aqueous solution, water molecules surround the isoflurane and form isoflurane hydrates [44] [46].
Interaction between Monolayers and Isoflurane
1 H-NMR spectroscopy has showed that anesthetics (halothane, enflurane, methoxyflurane, and chloroform) show different actions on the isothermal phase transition between the lipid core and the hydrophilic interface in a DPPC vesicle [47] . DSC and X-ray scattering investigation have also showed that enflurane preferentially interacts with DPPC lamellar-phase-water and DPPC liposomes-water interface and causes the structural change of each lamellar phase and liposomes [48] .
1 H-and 19 F-NMR spectroscopy have been proved that halothane and enflurane interact with the sodium dodecyl sulfate (SDS) micelle-water interface and the molecular axis of the halothane is perpendicular to the interface, while that of enflurane is parallel [49] [50] . 2 H NMR spectroscopy has showed that the interfacial structured water in the glycerol a-monooleate (GMO) emulsion-water interface changes into free water by enflurane hydrates [51] . These reports that anesthetic hydrates interact with and release the interfacial structured water formed on the membrane-water interface without penetrating into the membrane lipid core, in other words, anesthetic hydrates physisorb on the interface and have a possibility of changing the properties of interface including membrane.
Based on the above-published reports the interactions between isoflurane and DPPC or DMPC have been explained as followings.
The Interaction between DPPC Monolayer and Isoflurane
The present DPPC monolayer is an elasticity rich monolayer as mentioned in Section 4.1. There is possibility that the structural change in monolayer-water interface occurred by the physisorption of isoflurane hydrate. As described in Figure 2(a) , in first saturation range 2 -6 mM, isoflurane hydrates physisorb on the interfacial structured water formed on the DPPC monolayer-water interface leading increase in Δf which has direct relation with mass increase due to isoflurane hydrate adsorption. Small amount of isoflurane hydrate (≤3mM), has not effected Δr i.e. viscosityof the membrane. Interfacial viscosity of DPPC monolayer-structured water increased when at isoflurane hydrate concentration ≥4 mM. Further increase in the amount of physisorbed isoflurane hydrate (increases in Δf) would influence the structured water because of the occurrence of the interaction between physisorbed isoflurane hydrates and the structured water. As a result, "distortion" and "release" of the structured water occur and the interfacial structured water including isoflurane molecules is reconstructed at the interface [51] . Those processes promote the interaction between released hydrophilic groups of DPPC molecules and also decrease in the distance between those groups. Moreover, the interfacial structure may be strengthened by the existence of isoflurane molecule, because semi-hydrophobic isoflurane interacts more strongly with hydrophilic groups of DPPC molecules instead of structured water molecules. Those synergistic effects would show up as an increase in Δr (increase in viscosity) on the interface. This implies that the fluctuation of the fluid-structured DPPC monolayer is suppressed i.e. partial increase in the density of the DPPC monolayer.
From reaching to first saturation values of both Δf (1.6 Hz) and Δr (0.14 Ω) at around 6 mM (Figure 2) [51] . Isoflurane is a structural isomer of enflurane, thus we assumed 30 of hydrated water molecules for isoflurane. The molecular area of the isoflurane hydrate was calculated as 6.2 nm 2 /one-hydrate. It is also assumed that isoflurane hydrate is "elliptical shape" of which the molecular axis of hydrate is calculated the major one, the apparent molecular areas along the major and the minor axes were 1.5 nm 2 /one-hydrate and 1.3 nm 2 /one-hydrate, respectively [52] . Considering these sizes of isoflurane hydrate, physisorption layer of isoflurane hydrates would be formed on the interface, where isoflurane molecules are not in a dense state and maintain a semi-saturation state.
On the higher concentration at more than 6 mM (Figure 2) , isoflurane hydrates would physisorb still more on the interface, because the interface is already occupied at the semi-saturation level by the physisorbed isoflurane hydrates and also loses its function as a barrier to the next physisorbed hydrates. Therefore, the following two possibilities either multi-physisorption of isoflurane hydrates or promotion of aggregation between hydrates would occur at the interface [13] [15] [27] [28] . At multi-physisorption model, continuous physisorption of isoflurane hydrates and increase in Δf leads to the formation of isoflurane hydrate multilayer. The multilayering is also suppressing more strongly the interface including DPPC monolayer. This effect would cause a discontinuous and subsequent a slight increase in the interfacial viscosity (Δr). At promotion of aggregation model, an increase in the physisorption of isoflurane hydrates on the interface (increase in Δf) promotes an interaction between those physisorbed isoflurane hydrates. That interaction process leads to aggregation of isoflurane hydrates themselves [5] [27] [28] and also suppresses more strongly the interface. This effect would cause a discontinuous and subsequent a slight increase in the interfacial viscosity (Δr). The increase in both Δf and Δr on the higher concentration range (>6 mM) may occur as a synergistic or simultaneous effect of both multi-physisorption and promotion of aggregation. Such physisorption process by isoflurane hydrates on the interface also causes a rapid second saturation state.
The Interaction between DMPC Monolayer and Isoflurane
The present DMPC monolayer is an expandability rich monolayer as mentioned in Section 4.1. Therefore, it would be hard to cause the structural change in the monolayer-water interface i.e. no change in Δr even if isoflurane hydrate physisorbed on the interface. It can be also explained as a simple physisorption model of isoflurane hydrate to the DMPC monolayer [53] - [55] . On the first saturation range to around 5 mM, isoflurane hydrates physisorb on the DMPC monolayer-water interface leads to increase in Δf (Figure 3(a) ). Further increase in isoflurane concentration leads to an increase in the amount of physisorbed isoflurane hydrate thus more increase in Δf was noticed. Due to expandable nature of DMPC-water interface, isoflurane hydrates just physisorb on the interface and do not change the viscosity of the interface. From reaching to a first saturation value of Δf (2.2 Hz) at around 5 mM (Figure 3(a) ), we roughly estimated the mean molecular mass of isoflurane hydrate from the value of Δf (2.2 Hz = 26.8 ng/cm 2 (Sauerbrey's equation)) as worked out by QCM [15] [28] [41] . Molecular area of the isoflurane hydrate was calculated to be 4.5 nm 2 /hydrate. Considering the size of isoflurane hydrate, physisorption layer of isoflurane hydrates would be formed on the interface, where isoflurane molecules are not in a dense state and maintain a semi-saturation state, similar to the DPPC monolayer/water interface. Amount of physisorbed isoflurane hydrates to DMPC monolayer-water interface was 26.8 ng/cm 2 which is more than that adsorbed to DPPC monolayer 19.5 ng/cm 2 . Expandability rich DMPC monolayer it is hard to cause change in interfacial property by physisorption of isoflurane hydrate. Due to the high expandability, Δf in the DMPC monolayer changes from lower concentration of isoflurane compared to the case of DPPC monolayer and it also corresponds to the approach to the first saturation state at a lower concentration of isoflurane.
On the higher concentration at more than 5 mM (Figure 3) , isoflurane hydrates would physisorb still more on the interface. Because of no change in Dr (viscosity) at this concentration range (<8 mM), the physisorption process can be explained as a simple multi-physisorption or promotion of aggregation model of isoflurane hydrate to the DMPC monolayer [13] [53]- [55] . Continuous physisorption of isoflurane hydrates (increase in Df) leads to multilayering or aggregation of isoflurane hydrates themselves. This process would make further physisorption of hydrates easy. Such physisorption process by isoflurane hydrates on the interface also causes a rapid second saturation state. However, this is quite different from that at DPPC monolayer/water interface which involves the structural change in the interface by the physisorption of isoflurane hydrates.
Conclusion
In the present study, the interaction between two phospholipid monolayers DPPC and DMPC on the water surface and anesthetic isoflurane has been investigated using horizontally attached QCM and QCI devices. It was noticed that anesthetic isoflurane hydrate physisorbed on elasticity DPPC monolayer and changed its viscosity. While DMPC monolayer was expandability rich, no change in monolayer viscosity occurred. Process of physisorption showed a two-step change in the range of added isoflurane concentration, indicating that isoflurane aggregation was probably formed on each monolayer-water interface. Isoflurane hydrate physisorbed on the monolayer and brought changes in the monolayer properties. As investigated by several researchers [56] [57], anesthetic action was evaluated due to anesthetic-membrane protein interaction. However, our investigation showed that anesthetic had a possibility of acting on the lipid parts or lipid-body fluid interface and changing those properties. Thus, our reported study indicated that anesthetics acted to not only membrane protein limited but also whole membrane including lipid molecules and proteins.
